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a b s t r a c t
X-ray diffraction (XRD), extended X-ray absorption ﬁne structure (EXAFS), and scanning electron
microscopy experiments were carried out in the (Pb0.88Eu0.08)TiO3 ferroelectric compound with a
perovskite type structure. Qualitative EXAFS analysis has shown that Eu3þ ions substitute to Pb2þ and
Ti4þ ions at A and B sites of the ABO3 structure, respectively. The XRD pattern reﬁnement was consistent
with the Eu3þ substitution at both A and B sites, which provides the formation of donor and acceptor-
type defects. The shape of the observed X-ray lines proﬁles has shown features, which are known for this
kind of ferroelectric material to be typical of the ferroelectric domains microstructure. A phenomen-
ological model has been used for ﬁtting the diffraction proﬁles by the Rietveld method.
& 2013 Elsevier B.V. All rights reserved.
1. Introduction
The pure and modiﬁed lead titanate (PT) ceramic compounds
are among the most studied ferroelectric systems currently [1–5].
They present a tetragonal perovskite structure at room tempera-
ture with space group P4mm. The study of doped PT with
lanthanide (Ln3þ) elements is an alternative way in order to
obtain high density samples with near optimal piezoelectric
properties, avoiding at the same time a high porosity microstruc-
ture and a crystal structure with a large c/a ratio.
The incorporation of Ln3þ in the perovskite structure has
shown great interest not only in the PT [1,2,6–8] but also in the
barium titanate (BT) [9–11], showing the possible incorporation of
these elements at both A and B-sites of the perovskite structure.
It has been reported that La3þ and Pr3þ ions are incorporated at
the Ba site in the BT ceramics, whereas Gd3þ and Tb3þ partially
substitute at the Ti site [11]. Er3þ and Yb3þ have shown prefer-
ential substitution at the Ti site [11].
Previous studies of lanthanides (Ln3þ) ions doped PT, co-doped
with 2 at% Mn, have shown the possible partial incorporation of
smaller ions Dy3þ , Ho3þ , and Er3þ at the B-site [1], while larger ions
(La3þ , Nd3þ , Sm3þ y Gd3þ) are incorporated preferably at the A-site
[2]. More recently, a structural study on Eu-doped PT type ceramics,
also co-doped with 2 at% Mn, has shown a modiﬁcation of the
oxidation state of Eu and Ti as function of the sintering process [12].
However, nothing is said about the occupation of Eu ions at the two
possible crystallographic sites of the perovskite structure. On the
other hand, previous characterizations performed on PT ceramics
modiﬁed with 8 at% of rare earths (La3þ, Nd3þ , Sm3þ , Eu3þ , Gd3þ y
Dy3þ) have shown an increase of the c/a ratio, cell volume, and
a concomitant increase in the ferroelectric to paraelectric transition
temperature when one goes from La3þ to Dy3þ , recovering the
values of the undoped lead titanate being consistent with both A and
B site substitution [6–8]. Additionally, positron annihilation lifetime
spectroscopy measurements were conducted on the same set of
samples giving strong evidence for a change in the A-site to B-site
cation vacancy ratio with reducing ion size. Trapping to Pb vacancy-
related defects normally dominated from La3þ to Eu3þ , suggesting
the partial substitution at the Pb2þ site as donors. For Gd3þ and
Dy3þ the results have suggested that partial substitution of these
ions at the Ti4þ site was occurring [13].
Understanding the structural features of this kind of perovskite
type compound could be a guide in tailoring its piezoelectric
properties. In particular, we report on the results obtained for the
Pb0.88Eu0.08TiO3 system (PTEu8) by means of scanning Electron
Microscopy (SEM), Extended X-ray Absorption Fine Structure
(EXAFS) and high resolution X-ray Diffraction (XRD) experiments.
This study shall provide more insight on the possible partial
incorporation of Eu3þ ions at both A and/or B-sites of the perovskite
structure. The EXAFS technique was used to obtain qualitative
information on the local structure around Pb, Ti and Eu atoms,
whereas the XRD technique was used to reﬁne the crystal structure
in order to obtain quantitative information about the possible
incorporation of europium ions at both crystallographic sites.
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2. Samples and experimental setup
The undoped PbTiO3 (PT) and doped samples were obtained by
the conventional ceramic method. The nominal composition of the
doped sample was prepared assuming donor doping (Pb0.88Eu0.08)
TiO3. The mixture of powders was preﬁred at 900 1C in air for 2 h,
and sintering was carried out at 1200 1C for 2 h in a platinum
crucible conveniently sealed to reduce the waste of lead oxide. The
high resolution X-ray diffraction experiments were conducted
using the MCX beamline at Elettra Synchrotron, Trieste, Italy with
a Debye–Scherrer conﬁguration with a double crystal monochro-
mator of Si (1 1 1) and an incident wavelength of 1 Å. The powder
sample was mounted on a rotary capillary holder and the
measurement was made at room temperature with a ﬁxed count-
ing time and a step of 0.02 degrees. A LaB6 sample was used as
external standard. X-ray absorption spectra at Pb-LIII was mea-
sured in transmission mode in XAFS1 beamline [14], while the
Eu-LIII and Ti-K edges were measured in ﬂuorescence mode using
the XAFS2 beamline at LNLS, Campinas, Brazil. In both cases a Si
(1 1 1) double crystal monochromator was used to select the
proper energy ranges. The monochromator was calibrated with a
metallic foil for each edge and was constantly monitored during
the scans in order to account for small energy shifts (o1 eV). The
energy scans were performed three times for each absorption edge
in order to improve the statistics. All experiments were performed
at room temperature. The samples were prepared by depositing
the powder on a porous membrane (Durapore Membrane Filter
with 0.2 μm pore size). The EXAFS analysis was performed using
the Iffeﬁt software package [15]. Scanning Electron Microscopy
micrographs were taken from fractured polycrystalline pellets. The
experiments were performed at the Brazilian National Nanotech-
nology Laboratory (LNNano). The SEM observations were made by
using a high resolution FEI Inspect F50 equipped with an electron
microprobe spectrometer.
3. Results and discussion
3.1. SEM analysis
With the aim to verify the nominal composition of the doped
PTEu8 sample, microchemical analysis by means of SEM has been
carried out. The obtained chemical stoichiometry for the studied
sample was Pb0.81Eu0.07TiO2.92, which is in correspondence with
nominal composition. The PTEu8 micrograph has shown well
deﬁned particles with size in the order of 1 μm and a denser
microstructure.
3.2. EXAFS analysis
Fig. 1 shows the Fourier transforms (FT) of the oscillatory
EXAFS signal χ(k) k2 obtained from the spectra measured at the
Ti-K, and Pb-LIII -edges for the PT and PTEu8 samples. Once χ(k)
k2 is Fourier transformed to the real space |χ(r)|, it can be
interpreted as a pseudo radial distribution function hence phase
correction must still be made to the EXAFS signal. Although the
analysis is made without performing phase correction the position
of peaks in |χ(r)| can be related to bond distances between the
reference ion and the neighboring ions. It permits to perform
a qualitative analysis of the possible location of the Eu ions within
the PTEu8 unit cell.
The position of the peaks in the |χ(r)| function for Ti and Pb
(Fig. 1), for both samples, are in correspondence with the bond
lengths of each of these atoms to their ﬁrst, second, third, fourth
and ﬁfth shells for PbTiO3, which is reported in the ICSD crystal-
lographic database [16] (Fig. 2). There are three kinds of Ti–O pairs
for a distorted tetragonal crystal structure: Ti–O(1): 1.80 Å and
Ti–O(3): 2.40 Å distances along the crystallographic direction
[0 0 1] and a Ti–O(2): 2.0 Å distance perpendicular to this direc-
tion. As seen in Fig. 1a, the ﬁrst two peaks for the PT sample may
be associated to the Ti–O(1) and Ti–O(2) distances, while for the
PTEu8 sample these two distances appear overlapped. The small
peak around 2.50 Å for both samples correspond to the Ti–O
(3) distance. The two reported Ti–Pb pairs: Ti–Pb(1): 3.35 Å and
Ti–Pb(2): 3.55 Å distances appear in Fig. 1a in the range between
3.0 and 3.50 Å. Small differences in distances of the PTEu8 sample
in comparison with those observed for the pure PT may arise from
the substitution of Eu at A sites.
On the other hand, three different distances have been reported
for Pb–O atomic pairs: Pb–O(1): 2.50 Å, Pb–O(2): 2.80 Å and Pb–O
(3): 3.24 Å and two different Pb–Ti distances, which are equivalent
to the former two Ti–Pb pairs. The range from 2.0 to 3.60 Å in
Fig. 1b contains peaks at about 2.40 Å, 2.70 Å, 3.10 Å and 3.60 Å,
which represents the contribution of the ﬁrst ﬁve shells around Pb.
On the other hand, the peak observed at approximately 4.10 Å
represents an average value of the unit cell parameters of this
crystal structure, matching with those obtained from the XRD
experiment.
The magnitude of the FT[χ(k) k2] of the Ti-K, Pb-LIII and Eu-LIII
edges for the PTEu8 sample has been represented in Fig. 3. The |χ((r))|
function for Eu (Fig. 3c) cannot be associated directly to one of the
Fig. 1. Fourier transforms of the EXAFS k2 χ(k) spectra of both PT and PTEu8 at
(a) Ti-K and (b) Pb-LIII -edges.
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two possible local environments for this atom, it seems to have both
contributions from A and B sites of the perovskite structure. The ﬁrst
peak shows a signiﬁcant broadening, ranging from 1.50 to 2.50 Å. A
detailed analysis of the peak reveals on its left side a small “shoulder”
below 2.0 Å clearly. The only local environment with atom—pairs
distances below 2.0 Å correspond to the ﬁrst two shells of the B site:
Eu–O(1)B and Eu–O(2)B distances (superscript denoting the crystal-
lographic site). The third shell around the B site and the ﬁrst shell
around the A site (Eu–O(3)B and Eu–O(1)A distances) are between
2.40 and 2.50 Å, values which are also within the ﬁrst observed peak
in Fig. 3c. The second peak (from 2.80 Å to 3.40 Å) in Fig. 3c
comprises the second (Eu–O(2)A), and the third (Eu–O(3)A) shells
around the A site, while the third peak located slightly above 3.5 may
be attributed to the fourth and the ﬁfth shells (Eu–Ti(1)A, Eu–Ti(2))A.
The last two distances are equivalent to (Eu–Pb)B bonds as well.
Finally, it should be pointed out that the fourth peak in Fig. 3c may be
associated also to an average value of the unit cell parameters, being
in correspondence with the result in Fig. 1. The performed qualitative
analysis suggest that the incorporation of Eu3þ ion can occur at both
A and B-sites of the perovskite structure.
3.3. XRD analysis
The Rietveld reﬁnement has been made by using the FullProf_Suit
software [17]. The initial structural model corresponds to the PbTiO3
perovskite structure with the non-centrosymmetric space group
P4mm (No. 99) [16]. In the model, the qualitative results of the
EXAFS experiments have been considered. The reﬁnement has been
performed taking into account the incorporation of the europium
ions in both A and B sites of the perovskite structure starting with the
nominal composition (Pb0.94Eu0.04)(Ti0.96Eu0.04)(O2.98). The atoms
coordinates in the asymmetric unit cell were assumed as Pb/Eu at
the origin (0,0,0), Ti/Eu at (1/2, 1/2, zTi/Eu), and the O(I) y O(II)
positions at (1/2, 1/2, zO(I)) and (1/2, 0, zO(II)), respectively. The initial
occupation factors were assumed considering the formation of both
lead and oxygen vacancies, which are introduced into the structure
by the replacement of Pb2þ and Ti4þ by Eu3þ cations. The A-site (B-
site) occupancy was shared between Pb and Eu atoms (Ti and Eu
atoms).
The diffraction pattern has shown anisotropic broadening of
the integral breath and asymmetric effects, which are dependent
on (h k l) value. In order to illustrate the mentioned effects the
ranges in Q space from 1.45 A1 to 1.65 A1 and from 2.9 A1 to
3.3 A1, in which the (h 0 0) and (0 0 h) reﬂections occur, have
been magniﬁed in Fig. 4. The integral breaths of the peaks (0 0 h)
are larger than those of the peaks (h 0 0). This type of behavior is
observed, in general, for the reﬂections of the type (0 0 h) in
relation to (h 0 0) and (h k 0). It is related with the occurrence of
anisotropic microstrains and its physical origin is the spontaneous
polarisation acting along the [0 0 1] crystallographic direction.
This behavior has been also reported particularly for (Pb13x/2
Lax)TiO3 [18,19].
This type of anisotropy has been described by the phenomen-
ological model, which has been suggested by Stephens [20], and it
has been also implemented within Fullprof. The anisotropic broad-
ening effect can be governed by the variance of the quadratic form
matrix, Mhkl, given by:
s2ðMhklÞ ¼ ∑
HKL
SHKLh
HkK lL ð1Þ
where SHKL is the reﬁnable parameter which is governed by crystal
symmetry, deﬁned for HþKþL¼4. Further details regarding the
used mathematical formalism can be found in [20].
Another important feature of the diffraction pattern to be
included in the initial model is concerning the asymmetry of
certain peaks, which is also illustrated in Fig. 4 using vertical
dashed lines in each peaks. The observed asymmetry is dependent
on the hkl type as well. The peaks (0 0 h) exhibit asymmetry on the
right side of the proﬁle, while those corresponding to (h 0 0) types
show it on the left side. Peak of the form (h h h) fails to show
asymmetry. The described asymmetry cannot be attributed to
instrumental factors, and then it was not observed for the LaB6
reﬂections used as standard sample. On the other hand, these
asymmetry effects have been previously studied and explained
Fig. 2. Schematic atomic representation of the ﬁrst coordination spheres around (a) Ti and (b) Pb in the non-centrosymmetric PTiO3 tetragonal phase. The Ti atom has an
octahedral coordination with six oxygen atoms as nearest neighboring, while Pb atom has a coordination of 12 oxygen atoms.
Fig. 3. Fourier transforms of the EXAFS k2 χ(k) spectra of PTEu8 at (a) Ti-K,
(b) Pb-LIII and (c) Eu-LIII -edges.
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considering the occurrence of a ferroelectric domain microstruc-
ture, typical in ferroelectric phase transitions [21–25].
It has been already shown that conventional Rietveld reﬁne-
ment does not provide a satisfactory ﬁt when diffraction proﬁles
are affected with this kind of asymmetry. However, several reports
on Rietveld reﬁnement of pure and doped PT crystal structures do
not say how this effect was treated [18,19,26,27]. To take into
consideration this kind of asymmetric effect several models have
been proposed [21–23]. In particular, two-phases of the same
compound but with different unit cell parameters have been
applied for undoped PT [23] providing good results. For each
phase isotropic size broadening and anisotropic strain broadening
have been considered. In the present structural study the two
phase model has been assumed, where one of the unit cell
parameters set may be used for describing peaks due to the
ferroelectric domains (phase 1). The other cell parameters set
represent the average interplanar distances—values of the domain
walls (phase 2), which contribute to the observed intensity
distribution, i.e., between the doublets (0 0 h) and (h 0 0) in
Fig. 4. The introduction of the second phase allows the determina-
tion of more realistic values of unit cell parameters, particularly in
cases where the contribution of the domain walls is large.
Fig. 5 shows the Rietveld reﬁnement of the X-ray powder
diffraction pattern taking into account all the considerations,
which were explained before. The observed data are denoted with
dots, and the corresponding calculated proﬁles are represented by
the continuous line. The vertical marks below the pattern give the
positions of all permitted Bragg reﬂections for both phase 1 and 2.
The difference between the observed and the calculated data is
plotted at the bottom of the ﬁgure. A detailed view of the ﬁtted
(h 0 0) and (0 0 h) reﬂections in Fig. 6 shows how the effects of
asymmetry and anisotropy have been managed, despite the small
differences still observable.
Table 1 shows some of the reﬁned parameter for both phases
within the framework of the used model and the goodness of ﬁt
parameters. It shows the new nominal compositions for both
phases. The nominal compositions were calculated considering
the values of the reﬁned occupation factors for each atom in the
model, while thermal displacement parameters were unreﬁned.
The results from the pattern reﬁnement are consistent with those
obtained by means of SEM experiments. The quantitative analysis
shows that Eu3þ ions can be incorporated into both A and B sites
Fig. 4. Detailed view of the (h 0 0) and (0 0 h) reﬂections showing asymmetric and
anisotropic proﬁles. The vertical dashed lines illustrate the asymmetry of the peaks.
Fig. 5. Result of the XRD pattern reﬁnement taking into account asymmetric and
anisotropic effects. The observed and calculated patterns are denoted with dots and
continuous lines, respectively. Bragg reﬂections are represented by vertical marks.
The difference between the observed and the calculated data is plotted at the
bottom.
Fig. 6. Result of the ﬁtted (h 0 0) and (0 0 h) reﬂections within the anisotropic
two-phase model.
Table 1
Nominal equations, unit cell parameters, tetragonal distortion, Ti atomic displace-
ment and goodness of ﬁt parameters.
Nominal equation Ferroelectric domain (phase 1) Domain wall (phase 2)
(Pb0.87Eu0.06)(Ti0.96Eu0.02)(O2.98) (Pb0.84Eu0.08)Ti0.96O2.99
a (Å) 3.896(3) 3.900(9)
c (Å) 4.101(0) 4.091(1)
c/a1 0.052(5) 0.048(8)
Δz (Ti4þ) c (Å) 0.209(2) 0.146(9)
Rp (%) 9.47
Rwp (%) 11.7
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of the perovskite structure, particularly for the phase 1 of the
model, while for the phase 2 the calculated values for the Eu3þ
occupation factor at the B site of the structure are within the error
limits, thus it was assumed as a zero value in this case. A slight
increase of the occupation factor of europium at the A sites respect
to the initial value was obtained, suggesting a greater incorpora-
tion of this ion at the Pb sites relative to Ti sites. The result is also
in correspondence with the slight reduction of the occupation
factors of Pb due to charge compensation in the structure. The
occupation factor values for the oxygen atoms could not be reﬁned
directly. However, they were calculated considering the reﬁned
occupation factors for the europium ions at B sites [(Pb13x′/2Eux′)
(Ti1yEuy)(O3y/2) where x′þy¼0.08]. The result is consistent
with the positron annihilation lifetime spectroscopy experiment
performed on this sample [13]. This technique is sensitive to
defects present in the material and it is used to estimate the sites
in the structure where defects are located by means of the average
lifetime of positrons generated by a radioactive system. The results
have shown higher occupancy of Ti sites by ions of smaller size
(Gd3þ and Dy3þ), while ions of higher ionic radius (La3þ , Nd3þ
and Eu3þ) tends to occupy predominantly the A site of the
perovskite structure.
The reﬁned unit cell parameters for both phases are also
reported in Table 1. The calculated values of the lattice parameters
can be considered a good approximation in spite of the correlation
between them (and other reﬁned parameters) and therefore the
possibility of getting several solutions. In the absence of a better
model that can describe more appropriately the effects of the
domains microstructure on the diffraction proﬁles, we believe that
the used model is an acceptable approximation in order to get
reliable results. Tetragonal unit cell parameters as close as those
reported indicate the possibility of having either a cubic or
orthorhombic crystal structure, in particular within the domain
walls (DW), as has been previously referred [22–28]. Attempts to
include a second cubic or orthorhombic phase in the model have
yielded no satisfactory results. On the other hand, the possibility of
having a different structure within the DW has been also treated
theoretically based on the concept of the domain pair analysis
[29,30]. Domain walls in real microstructures have to be assumed
as three dimensional regions with a ﬁnite thickness (twin) and
with a smoothly varying structure, which can be described
properly using the space of order parameters. It has shown the
possibility of symmetry lowering respect to the parent phase of
higher symmetry as function of the position within the DW. Atoms
in the central plane describing the DW associated with a twin may
preserve the highest possible symmetry (cubic parent phase in our
case), while regions on both side of the central plane (off—central
layers) may be constructed adding the structure of the domain
pair (901 domain with a tetragonal structure). Recently, a similar
example has been discussed in the framework of the mentioned
approach [31].
The tetragonal distortion (c/a1) and the Ti atomic displacement
(z(Ti4þ) c) along the [0 0 1] direction respect to the center of
symmetry of the ideally cubic unit cell are lower in domain walls
(phase 2) regions with respect to the value obtained in the ferro-
electric domains (phase 1). Ferroelectric domains in PbTiO3 are
limited to two types, 901 and 1801 domain walls, which correspond
to the crystallographic planes families {1 0 1} ({0 1 1}) and {1 0 0}
({0 1 0}), respectively. In particular, 901 ferroelectric domains are in
correspondence each other by a mirror symmetry through the (0 1 1)
plane, which is along the central plane (DW) deﬁning its orientation
and position. On the other hand, (h 0 0) and (0 0 h) planes in each
domain are also related through the same symmetry operation. The
interplanar distances within this region vary respect to the corre-
sponding interplanar distances of the neighboring 901 domains. The
former can be used for explaining the observed asymmetry between
the doublets (h 0 0) and (0 0 h) and the fact that ferroelectric domain
walls (twin) favor a reduction of the mismatch between adjacent
ferroelectric domains, in particular neighboring 901 domains.
4. Conclusions
The structure of the (Pb0.88Eu0.08)TiO3 ceramic sample was
studied by SEM, EXAFS techniques and XRD-Rietveld reﬁnement.
The obtained results are consistent with Eu3þ substitution for Pb2þ
and Ti4þ ions on A and B-sites of the ABO3 perovskite structure.
It favours the formation of donor and acceptor-type defects. A two
phase model considering isotropic size and anisotropic strain broad-
ening was used as a suitable approximation for describing the
peculiar peak shapes of the diffraction pattern, resulting in a useful
approach for analyzing the effects of the domains microstructure.
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